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In this study, a double glass system with PbO base and ZnO base of Cu paste is designed, prepared and
printed with narrow line screen printing process on polycrystalline Si solar cell which has already
ﬁnished the back Al printing and deposition of double anti-reﬂection coatings (DARCs). And then, a two-
step ﬁring process is applied to sinter the front electrode and obtain the ohmic contact between front
electrode and solar cell. The ﬁrst step of ﬁring is conducted in air atmosphere. In this process, PbO-based
glass frit etched the DARCs and Ag recrystallized at the surface of Si, constructing the preliminary contact.
The second step of ﬁring is conducted in a reducing atmosphere (H2/N2 ¼ 5/95). In this process, the CuO
is reduced into Cu which is sintered with ZnO based-glass. Ag nanoparticles recrystallized in the glass
layer at interface due to the interactions between H2, Ag and PbO-based glass frit and the volatility of Pb,
improve the Ohmic contact between electrode and solar cell.
According to our investigation, a model of the reaction mechanisms in the double glass system of Cu
paste in each sintering stage is proposed. And we have shown that Ohmic contact and good sheet
resistance for the Cu front electrode with Pb-free could both be obtained by applying the newly-invented
Cu paste and two steps of ﬁring process. The lowest sheet resistance and contact resistance for such a Cu
front electrode measured are 0.090 U/▫ and 0.0040 U/▫, respectively.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
At present, photocurrent from the Si emitter in a typical silicon-
based solar cell is collected via a front-side (FS) Ag electrode. The
front-side Ag electrode is mostly fabricated with low cost screen-
printing and rapid thermal processing (RTP). However, there are
two issues for current state of art of Ag electrodes for Si-base solar
cells. One is high cost due to noble silver metal, another is the glass
containing Pbwhich causes serious environmental pollution, it will
be more desirable to take Pb out of the content of solar cells [1e3].
The aim of this study is to investigate the mechanism of con-
structing Ohmic contact between a front electrode and Si-based
solar cell during ﬁring, and to prepare the front electrode with
lower cost copper instead of silver. However, the chemical and the
physical properties of Ag and Cu are totally different especially
chemical reactivity, which complicates the situation Highly reactive
Cu is easily oxidized when sintered at high temperatures in an air
atmosphere. Thus, a reducing atmosphere is indispensible forLee).
r B.V. This is an open access articletypical Cu paste during its sintering process. Nonetheless, PbO-base
glass frit, the most commonly used glass frit in the metal Ag paste
for front electrode, which is used to etch the SiNx layer and to
construct Ohmic contact between front electrode and solar cell [1],
is not suitable for sintering in reducing atmospheres. This is con-
trary to what is done to form typical Cu pastes. Though some re-
searchers tried to Ag-coated Cu powder as substitute for Ag [4,5],
the sheet resistance of Ag-coated Cu after sintering is still higher.
Other researchers used wet etching techniques or laser chemical
processing (LCP) to etch through the SiNx [6,7], but both of them are
more complicated and add cost. Therefore, it is worthwhile to
investigate the reactive mechanisms during ﬁring metallic Cu paste
by thick ﬁlm screen printing formaking a lowcost front electrode of
Si based solar cell with high efﬁciency.
In order to overcome these challenges, a double glass system
paste and a newly-invented process are applied. In this study, the
paste was ﬁrst screen-printed on a typical polycrystalline Si-based
solar cell, then, a two-step ﬁring process is employed. In the ﬁrst
step, an air atmosphere and lower temperature (~800 C) are
applied. During the 1st ﬁring step, PbO-based glass frit and Ag react
with SiNx and Si, for etching SiNx and constructing Ohmic contact.under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ature (~900 C) are applied. During the 2nd ﬁring step, CuO initi-
ated in the 1st ﬁring step is reduced to Cu and further sintered with
Zn-based glass frit for densiﬁcation; also, PbO in glass is reduced
into Pb with a low melting point of 400 C and further evaporated
in the 2nd ﬁring step. The concept of experiment and scheme of
process are shown in Table 1 and Fig. 1.
2. Experiments
2.1. Paste making
In this experiment, ethylcellulose binder (N200 Taiwan Gojyo
Co., Ltd.) and polyamide thixotropic agent (DISPARLON 6500 King
Industries, Inc.) were previously stirred and heated at 80 C with
terpineol 10% by weight. Terpineol was found to be a suitable sol-
vent for the additives in our previous research (add a reference for
this??). These two solutions would be mixed as the binder solution
in the following process.
At ﬁrst, binder solution, glasses, and some extra solvent were
well-stirred for 30 min. Then, Cu metal was slowly added until the
visible particles vanished. At last, the semi-ﬁnished product went
through three-roll miller (EXAKT 120 EH e 450) for several times
with the shear gap parameters varied from large to small. The
contents of the ﬁnal paste are listed in Table 2.
To investigate the particle size in the suspension and the
dispersion situation after process, SEM (Hitachi SU8000) cross-
section and top-view images were collected.
2.2. Screen printing
In this experiment, paste was printed on a polycrystalline Si
solar cell. The sizes of steel meshes used was 325 mesh and
thicknesses was 40 mm with emulsion ﬁlm on it. The thickness of
emulsion was 15 mm. The line-width of patterns were 50 mm,
100 mm and 200 mm, respectively. By using an automatic screen
printing system, screen printing parameters could be controlled
more precisely, such as squeegee hardness, snap-off distance,
squeegee pressure and squeegee speed.
2.3. First step ﬁring process
In this experiment, printed paste on polycrystalline Si solar cell
was heated to 400, 500, 6000, 700 and 800 Cwithout soaking time
in air atmosphere. Anneals at 800 C in an air atmosphere with
soaking times of 1, 3 and 5 min were also carried out.
To investigate the reaction mechanisms, SEM imaging was used
to investigate the structure of the front electrode and the softening,
wetting, transforming situations of glass grits; EDS and TEM(Hi-
tachi H-7500) cross-section image was used to investigate the re-
actions close to the interface.
2.4. Second step ﬁring process
In this experiment, samples were heated to 900 C withTable 1
Comparison between the commercial Ag, Cu pastes and double glass systems paste
Paste Typical Ag
Metal particles Ag
Glass frit PbO-based
Firing temperature 800 C
Firing atmosphere Air
Pb content Pb-Includedifferent soaking times in a reducing atmosphere to investigate the
CuO reduction reaction and Cu ﬁring reaction with ZnO-glass frit.
The reduction atmosphere was obtained by a continuously circu-
lating hydrogen-nitrogen gas mixture, which was a mix of 5%
hydrogen and 95% nitrogen.
To investigate the sintering, reducing and burn out situations,
SEM imaging was used to investigate the structure of the front
electrode; TEM cross-section imaging was used to investigate the
reactions close to the interface; EDS was used to investigate the
reduction and burn out situation; four-point probe (SE Technolo-
gies CorpModel 280 SI) was used tomeasure the sheet resistance of
the front electrode. The experimental procedure of this study is
shown in Fig. 2.
3. Results and discussion
3.1. First step ﬁring process
The main purpose in this process is to establish the contact
between the front electrode and solar cell. To achieve this aim, SiNx
must be etched by PbO-based glass frit and Ag must recrystallize at
the interface during process. SEM image of samples heated to
different temperatures, 400 C, 500 C, 600 C and 700 C without
extended soak times are shown in Fig. 3.
Around 400 C, the PbO-based glass frit (transformation point:
450 C) started to deform; many metal particles were still visible.
Around 500 C, softened PbO-based glass frit started wetting some
of the Ag particles, visible small particles (<1.5 mm) vanished.
However, some larger particles (>1.5 mm) remained, such as the
pointed one in Fig. 3 (b). EDS analysis of the pointed particle in
Fig. 3-(b) shows that the pointed particle is a CuO or Cu2O particle.
Around 600 C, ZnO-based glass frit (transformation point:
620 C) started to deform. Ag particles also started to dissolve in
liquid PbO-based glass frit, ﬂoating to the interface between front
electrode and DARCs [8e10]. Around 700 C, more Ag particles
dissolved in liquid PbO-based glass grit. However, it seems
abnormal that the interface is still visible and clear in Fig. 2 (d). It
might be caused by the SiO2/SiNx layers in the DARCs of solar cell
used in this experiment. The SiO2 layer is on the top of SiNx as the
TEM image shown in Fig. 4.
According to the phase diagram of PbOeSiO2 system, liquid
phases occur only at the temperature higher than 700 C. Thus,
unlike typical SiNx ARC layer, PbO did not start etching SiNx layer at
the temperatures below 700 C.
As the temperature kept increasing over 700 C, PbO in the
liquid phase of PbOeSiO2 system started etching SiNx below SiO2
which made the interface become dimmer. This phenomenon can
be observed in SEM cross-section image of a samplewhich has been
heated to 800 C in Fig. 5.
To investigate more details about what happened at the inter-
face after being heated to 800 C, TEM imaging and EDS analysis
were applied. Fig. 6 shows the TEM cross-section image at the
interface of a sample which has been heated to 800 C and held at
that temperature for 5 min.
Fig. 6 shows that the inverted pyramidal particle is an Agin our study.
Typical Cu Double system
Cu Cu þ small amount of Ag (1 wt%)
/ PbO-based þ ZnO-based
900 C 1st: 800 C/2nd: 900 C
Reducing 1st: Air/2nd: Reducing
/ Pb-Free
Fig. 1. Comparison of process ﬂow of making a front electrode between normal Ag paste with one step ﬁring and double glass system paste with two steps ﬁring.
Table 2
Composition of double glass system paste.
Material Weight (g)
Ag 1
Cu 100
PbO-based glass 3.5
ZnO-base glass 3.5
Binder Ethylcellulose (N200) 0.5
Thixotropic agent Polyamide (DISPARLON 6500) 0.85
Terpineol 18.65
Total 137
Fig. 2. Experimental ﬂow of double glass system paste with two steps ﬁring.
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[11,12]. Also, there are two layers between the Ag crystallite and
CuO particle, which are SiO2, and PbOeSiO2 mixture layer. The
particle beside CuO seems to be a glass frit mixture. To make sure if
the SiNx layer was etched by PbO-based glass frit, we take zone A in
Fig. 6 as an example to investigate. STEM Image of zone A is shown
in Fig. 7-a. EDS analysis of interface between SiO2 layer and Si layer
was applied at point 1 and the result is shown in Fig. 7-b.
In Fig. 7-a, unlike Fig. 4, no SiNx layer is visible between Si layer
and SiO2 layer. Also, no nitride element was detected according to
the EDS analysis of point 1 in Fig. 7-b. It proves that SiNx was
successfully etched by PbO-based glass frit after temperature was
heated to over 800 C in this process. Thus, themain purpose seems
to be accomplished.3.2. Second step ﬁring process
In this process, the main purposes are reducing CuO to Cu,
constructing better conducting paths, and sintering the paste. Fig. 8
shows the TEM cross-section image at the interface of a sample
which has been heated to 900 C without retaining temperature in
this process.
In Fig. 8, pure Cu element was found at point 6, and Cu with only
a small amount of oxygen (O) were found at point 5. It shows that
most of the CuO is reduced to Cu in this experiment. Also, similar to
Fig. 5 in previous section, inverted pyramidal Ag crystallites, SiO2
layer and SiO2/PbO layer were found at the interface. However,
unlike Fig. 5, some small particles were found in both SiO2 layer and
SiO2/PbO layer. To investigate the composition of those small par-
ticles, STEM imaging and EDS analysis were applied at zone B. The
STEM image of Zone B is shown in Fig. 9.
According to EDS analysis, the small particles were mostly pure
Ag. Also, the sizes of the small particles in Fig. 5 are much smaller
than 1 mm. This is desirable because Ag nanoparticles in glass layers
are known to be important for lowering the contact resistance via
Fig. 3. SEM image of samples heated to different temperatures without soaking time.
Fig. 4. TEM image DARCs layers.
Fig. 5. SEM cross-section image of a sample ﬁred at 800 C without soaking time.
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seem to be observed only after the 2nd ﬁring step. We did not
see any silver nano-particles after the 1st ﬁring step.
Though Ag recrystallized during both of two ﬁring processes,
the sizes and positions of Ag crystallites were totally different. Thus,
unlike the ﬁrst step ﬁring process, Ag might not recrystallize at thecooling stage during second step ﬁring process. On the other hand,
we surmise that this might caused by the interactions between H2
and the AgePbOeSiO2 system and the reduction of PbO to Pb in a
reducing atmosphere. This explains the reason Ag in the AgeP-
bOeSiO2 system recrystallized directly in the glass layer at random
places.
To investigatemore details about second step ﬁring, TEM images
of a sample which has been heated to 900 C for 10 min is shown in
Fig. 10.
According to Fig. 10, no elemental Pb is detected, while small Ag
crystallites are still visible, thus the reduction of PbO and volatil-
izing of Pb is observed. SEM image, EDS analysis and Four-point
Fig. 6. TEM cross-section image around the interface of a sample ﬁred at 800 C for
5 min.
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gate the inﬂuence of different retaining time period on sintering,
reducing situation and the sheet resistance of front electrode. SEM
image and Cu to O ratios of samples are shown in Fig.11 and Table 3.Fig. 7. -a STEM image of zone A of Fig. 6.Sheet resistances of samples compared with typical Cu paste sin-
tered only by second step ﬁring process in reducing atmosphere are
shown in Table 4.
In Fig. 11, it is obvious that the structure of the sample ﬁred for
10 min is much tighter; Table 4 also shows that sample ﬁred for
10 min has better reducing situation. While both of these two are
involved with the sheet resistance, the sample ﬁred for 10 min
reveals much low sheet resistance (0.023 U/sq.) and contact resis-
tance (0.004 U) which is comparable with that of the commercial
Ag paste (0.023U/sq. (0.003U). The sheet resistance of our Cu paste
is closely related to the soaking time of the 2nd ﬁring process since
the main purpose of the 2nd ﬁring process is for reduction of CuO
into Cu metal. The longer soaking time for 10 min at the 2nd ﬁring
can completely reduce the copper oxide into metal copper, leading
to low sheet resistance (0.023 U/sq.) and high conductivity, in
comparison that without the soaking time (0.090 U/sq.).
3.3. Proposed reaction mechanism
According to previous sections, we can infer that the whole
process and mechanism of constructing contact between front
electrode and Si-based solar cell as follows. First, after going
through a three-roll mill, we assumed that contents in the paste
were well separated and randomly mixed. Then, the paste was
screen printed on our Si-based solar cell and followed by two steps
of ﬁring.
3.3.1. First step ﬁring
1. At about 400 Ce500 C, PbO-based glass deformed, wetting Ag
particles. Cu particles started to be oxidized by O2 in air
atmosphere.-b EDS analysis of point 1 in Fig. 7-a.
Fig. 8. TEM cross-section image at the interface of a sample ﬁred 900 C without
soaking time.
Fig. 9. STEM image of zone B of Fig. 8.
Fig. 10. TEM image of sample ﬁred at 900 C for 10 min soaking time.
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liquid PbO-based glass frit, ﬂoating to the interface below.
Around 600 C, Zn glass started to deform, wetting Cu and CuO
particles. Most of the Ag particles vanished.
3. At about 600 Ce700 C, more Ag particles kept dissolving in the
liquid PbO-based glass frit. Most of Cu particles turned into CuO
particles andwerewet by zinc glass. Because of the SiO2 layer on
the top of DARCs, PbO had not reacted and etched the SiNx layerhad already gathered around the interface. Fig. 5 shows the SEM
cross-section image of this stage.
4. At about 700 Ce800 C, PbO-based glass frit (with dissolved Ag)
in liquid phase of PbOeSiO2 system started to react with SiNx as
shown in reaction (1-1). Then, Pb(l) generated in reaction (1-1)
would soon be oxidized because of the high temperature in air
atmosphere as shown in reaction (1-2) [15,16].
2PbO(l) þ SiNx(s)/ 2 Pb(l) þ SiO2(s) þ (x/2) N2(g) [ (1-1)
2 Pb(l) þ O2(g)/ 2PbO(l) (1-2)
SiNx(s) þ O2(g)/ SiO2(s) þ (x/2) N2(g) [ (1-3)
With these two reactions, PbO-based glass frit could keep
etching SiNx layer without consuming. By combining reactions (1-
1) and (1-2), reaction (1-3) can be obtained, which was what really
consumed and generated in the reactions.
After SiNx was etched and during cooling stage, PbO-based glass
frit (with dissolved Ag) started to react with surface of Si based
solar cell as shown in reactions (1-4e1-6). PbO-based glass frit
reactedwith Si and turned Si into SiO2; dissolved Ag reacted with Si
surface and recrystallized with the byproduct SiO2; at last, some
pure Pb generated from reaction (1-1) may also reacted with dis-
solved Ag as shown in reaction (1-6) while the temperature kept
decreasing. Overall, these reactions not only explained how SiO2
layer, PbO layer and the inverted pyramidal Ag crystallites format
but also explain their locations.
2PbO(l) þ Si(s)/ 2 Pb(l) þ SiO2(s) (1-4)
4Agþ þ 2O2 þ Si(s)/ 4Ag (s) þ SiO2(s) (1-5)
4Agþ þ 2O2 þ 2 Pb(l)/ 4Ag (s) þ 2PbO(l, s) (1-6)
Si(s) þ 4Agþ þ 2O2/ 4Ag þ SiO2(s) (1-7)
Fig. 11. SEM image of samples ﬁred at 900 C with soaking time for (a) 0 min (b) 10 min.
Table 3
Ratio of Cu to O analyzed by EDS for double glass system paste ﬁred at 900 C for 0 and 10 min soaking time.
2nd step ﬁring time period (min) Area 1 Cu:O Area 2 Cu:O Area 3 Cu:O Average
0 min 1.770 1.517 1.720 1.669
10 min 1.931 2.391 1.724 2.015
Table 4
Comparison of sheet resistance and contact resistance between double glass system paste with two steps of ﬁring and the commercial Ag paste.
1st step ﬁring temp (C)/Time (min) 2nd step ﬁring temp (C)/Time (min) Sheet resistance Contact resistance
Our paste 800 C/5 min 900 C/10 min z0.023 U/▫ 0.004 U/▫
Our paste 800 C/5 min 900 C/0 min z0.090 U/▫ 0.006 U/▫
Commercial Ag paste X 900 C/10 min z0.016 U/▫ 0.003 U/▫
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obtained. According to reaction (1-3) and (1-7), PbO involved but
did not consume in the reactions above thus it could be deﬁned as a
catalyst in the process. In addition to these chemical reactions
around interface, CuO was wet by Zn glass but can not be sintered.3.3.2. Second step ﬁring
In this process, CuO or Cu2O reduced to Cuwith reaction (1-8) or
(1-9); Ag again dissolved in PbO-based glass frit during heating
stage; however, PbO (with dissolved Ag) was reduced by H2 in
reducing atmosphere as shown in reaction (1-10). Moreover, unlike
being in the ﬁrst step ﬁring, Pb(l) was unable to be oxidized due to
the reducing atmosphere and started to volatilize. Though reaction
(1-6) still happened, solubility of Ag in PbOeSiO2 system decreased
because of the volatilization of Pb(l) which caused Ag to be
randomly recrystallized in the glass layer as shown in Fig. 8. With a
longer time period of ﬁring, Pb(l) might be totally volatilized,
leaving Ag crystallites in SiO2 layer as shown in Fig. 10.
CuO þ H2/ H2O þ Cu (1-8)Fig. 12. Process ﬂow and mechanism of constructing ohmic between front electrodeCu2O þ H2/ H2O þ 2Cu (1-9)
2Agþ þ O2 þ 2PbO(l) þ 2H2(g)/ 2Ag(s) þ 2 Pb(l) þ 2H2O(g) (1-10)
Even though it seems that longer time period of second step
ﬁring has more beneﬁts, other factors such as thermal stability of
back Al electrode and etching effect of H2 on SiO2 are also important
and needed to be taken into consideration.
At last, wemake a summary that the mechanism of constructing
ohmic contact between front electrode and Si-based solar cell is
shown as Fig. 12.
(1) First Step Firing (800 C; air atmosphere).
- 400 Ce500 C: PbO glass frit starts to deform and wet Ag
particles.
- 500 Ce700 C: Ag particles start to dissolve in PbO(l) and
gather to interface.
ZnO glass frit starts to deform and wet Cu, CuO particles.
(2) - 700 Ce800 C: PbO(l) starts to etch SiN layer.and Si-based solar cell for the double glass system paste with two steps ﬁring.
W.-H. Lee et al. / Journal of Alloys and Compounds 686 (2016) 339e346346- Cooling: Ag recrystallizes (Inverted pyramidal) at Si surface.
(3) Second Step Firing (900 C; reducing atmosphere).
- CuO reduces to Cu and being Sintered.
- Ag recrystallizes (nanoparticle) in glass (SiO2, SiO2ePbO) layer
between bulk Cu and inverted pyramidal Ag crystallites.
4. Conclusion
1. The novel design of double glass system of Cu paste with two
steps of ﬁring has been proven to obtain a high conductivity of
Cu with Pb-free for Si base solar cell front electrode application.
A model about the reaction mechanism of double glass system
of the novel Cu paste with two steps of ﬁring is proposed in this
work.
2. In the ﬁrst step of ﬁring, we have found that the contents of PbO-
based glass frit and Ag particles are enough to etch SiNx layer
and construct preliminary contact with inverted pyramidal Ag
crystallite on Si surface during ﬁrst step ﬁring. Although the
reaction started at temperature above 700 C while it is applied
to DARCs with SiO2 layer on the top, the same results can be
obtained.
3. In the second step of ﬁring, CuO can be reduced into Cu and then
sintered with ZnO base glass. On the other hand, PbO was
reduced into Pbwhichwould be totally volatilized. Length of the
temperature retaining time period inﬂuences the reducing sit-
uation, sufﬁcient reduction of CuO and PbO lead to low sheet
resistance and contact resistance of Pb-free front electrode.
Sheet and contact resistances of sample ﬁred for 10 min in this
step is about 0.0023 U/sq. and 0.004 U. These promising results
show that the novel Cu paste not only provides a cost reduction
but also makes the product more environmental friendly.
4. Ag crystallites in the glass layer that generally appear during
cooling stage in normal front Ag ﬁring process is not foundduring ﬁrst step ﬁring. However, because of the reducing at-
mosphere in the second step of ﬁring, Ag still recrystallizes with
the reaction [2Agþ þ O2 þ 2PbO(l) þ 2H2(g)/ 2Ag(s) þ 2 Pb(l)
þ 2H2O(g)] and the decreasing of solubility caused by the vola-
tilizing of Pb(l), the same result can be obtained after the second
step ﬁring process. The Ag crystallites in the glass layer play an
important role in lowering the contact resistance from our
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